Corals in the Persian/Arabian Gulf are the most thermally tolerant in the world, but live very near the thresholds of their thermal tolerance. Warming sea temperatures associated with climate change have resulted in numerous coral bleaching events regionally since the mid-1990s, but it has been unclear why unusually warm sea temperatures occur some years but not others. Using a combination of 5 years of observed sea-bottom temperatures at three reef sites and a meteorologically linked hydrodynamic model that extends through the past decade, we show that summer sea-bottom temperatures are tightly linked to regional wind regimes, and that strong 'shamal' wind events control the occurrence and severity of bleaching. Sea bottom temperatures were primarily controlled by latent heat flux from wind-driven surface evaporation which exceeded 300 W m −2 during shamal winds, double that of typical breeze conditions. Daily temperature change was highly correlated with wind speed, with breeze winds (<4 m s −1 ) resulting in increased warming, while faster winds caused cooling, with the magnitude of temperature decline increasing with wind speed. Using observed and simulated data from 2012 to 2017, we show that years with reported bleaching events (2012, 2017) were characterized by low winds speeds that resulted in temperatures persisting above coral bleaching threshold temperatures for >5 weeks, while the cooler intervening years (2013)(2014)(2015)(2016) had summers with more frequent and/or strong shamal events which repeatedly cooled temperatures below bleaching thresholds for days to weeks, providing corals temporary respite from thermal stress. Using observed data from 2012 onward and simulated data from 2008 to 2011, we show that the severity of bleaching events over the past decade was linked to both the number of cumulative days above bleaching thresholds (rather than total days, which obfuscates the cooling effects of occasional brief shamal events), as well as to maxima. We show that winds of 4 m s −1 represents a critical threshold for whether or not corals cross bleaching threshold temperatures, and provide simulations to forecast sea-bottom temperature change and recovery times under a range of wind conditions. The role that wind-driven cooling may play on coral reefs globally is discussed.
INTRODUCTION
Coral reefs are among the world's most diverse ecosystems, occupying an area of less than a percent of the world's seas but containing over a quarter of marine species. Reefs also provide over US$ 35 million km −2 yr −1 in goods and services to humanity, and are particularly important in supporting coastal populations in developing nations throughout the tropics (Costanza et al., 2014; Wolff et al., 2015) . In recent decades coral reefs have come under increasing pressure as a result of local population-related pressures and global climate change, and it is estimated that over a fifth of coral reefs have been lost since the1990s and a third of coral species are currently at risk of extinction (Carpenter et al., 2008; Wilkinson, 2008) . Such stressors have caused loss of coral cover and persistent shifts in community structure in many parts of the world (Graham et al., 2015; Hughes et al., 2018) , with knock-on effects on the diversity and functioning of ecologically and economically important fish species as well as a suite of other reef associated fauna (Pratchett et al., 2009 (Pratchett et al., , 2011 Chaves-Fonnegra et al., 2018) . Climate change is one of the most pressing threats to the future of coral reefs globally, as bleaching events associated with elevated sea surface temperatures (SSTs) -where corals lose their energy-producing symbiotic algae and turn white -are increasing in frequency, magnitude, and geographic occurrence round the world (Frieler et al., 2012; Hughes et al., 2017) . To better understand how corals may respond to future climate change across the tropics, there has been rapid growth in research on corals currently existing in high-temperature environments (Camp et al., 2018) , with much of this interest focused on the Arabian region (Burt, 2013; Coles and Riegl, 2013; Osman et al., 2018) .
Each summer the Persian/Arabian Gulf (hereafter called 'the Gulf ') is the world's hottest sea (Riegl et al., 2011) . Due to its shallow depth (mean < 30 m), restricted water exchange with the Indian Ocean, and the hyper-arid nature of its surrounding environment, summer SSTs in the Gulf may exceed 35 • C (Sheppard et al., 1992; Coles, 2003) , with temperatures >33 • C occurring for several months . Although these are temperatures that would normally be lethal to corals in most of the world (Riegl et al., 2011) , coral communities occur in all eight nations bordering the Gulf (Vaughan and Burt, 2016; Vaughan et al., 2019) . As a result, in recent years there has been rapid growth of research on Gulf corals in attempts to understand the physiological and genetic mechanisms being used by corals and their symbiotic algal partners to survive at temperatures not predicted for other regions for at least the next century (Hume et al., 2015 (Hume et al., , 2018 Howells et al., 2016; Vaughan and Burt, 2016; Smith et al., 2017) .
While Gulf corals have the highest thermal limits known globally , they are not immune to extreme temperature anomalies. Corals in the Gulf are known to be genetically adapted to the unusually extreme conditions that characterize the region (Howells et al., 2016; Smith et al., 2017; Kirk et al., 2018) , but it is not absolute temperatures that induce bleaching; rather it is a departure from the typical mean summer temperature in which these coral populations have evolved. Mean SSTs in the Gulf have been increasing over the past three decades as a result of climate change (Riegl et al., 2011) , and as a result there has been an increase in the frequency and magnitude of mass bleaching events where corals have been being pushed beyond their thermal limits . Severe bleaching leading to widespread mass coral die-off 's (>80% loss) was first reported in the late 1970s, then again in 1996, 1998, and 2017 , with slight to moderate bleaching events that resulted in more limited coral mortality (0∼20% loss) also occurring in , 2010 (Sheppard and Loughland, 2002 Riegl and Purkis, 2015; Shuail et al., 2016; Riegl et al., 2018; Burt et al., 2019) . Recent work has shown that it is not the maximum temperature so much as the length of exposure that affects the severity of bleaching and whether or not mass mortality occurs. For example, the coral community at Bu Tinah reef in the southern Gulf was unaffected in 2007 when a mean daily maximum of 36.6 • C was observed, but suffered severe bleaching in 2010 when maximum temperatures were lower but extended for a longer period of time . Observations from several bleaching events across numerous reefs in the southern Gulf have now shown that mild bleaching will typically begin after a week of exposure to daily mean temperatures >35 • C, and that severe bleaching will occur after 3 weeks of exposure to ≥35 • C or 8 weeks at ≥34 • C , with significant bleaching-induced mortality typically only occurring when temperatures exceed 35.5 • C for extended periods (Riegl et al., 2011) .
It has been unclear why unusually long, warm summers occur some years but not others. Some authors have suggested that teleconnections related to the El-Nino Southern Oscillation (ENSO) in the Pacific interact with the Indian Ocean Zonal Mode (IOZM) to cause elevated thermal anomalies on approximately 5-year cycles in the Gulf (Riegl, 2003; Purkis and Riegl, 2005) . However, while bleaching events are occurring with increasing frequency as a result of long-term increases in mean SSTs (Riegl et al., 2011) , they have not tracked this cycle. In addition, a 5-year cycle is difficult to justify as the preferred variability time scale of the Pacific-Indian interactions, which have a quasi-biennial scale modulated by exceptionally strong events occurring every 8-10 years (Bracco et al., 2005) . The only severe bleaching event associated with an El-Nino year was 1998, while the 1996, 2010, and 2017 events occurred during La-Nina years when the presumed ENSO effect would have abated, suggesting that other factors are likely involved in inducing thermal anomalies (Purkis and Riegl, 2005) .
This study explores the role that local wind dynamics may play in establishing the physical conditions necessary for inducing bleaching in corals in the environmentally extreme southern Gulf. Winds in the Gulf predominantly flow from the NNW, and are characterized by strong seasonality when winds can increase dramatically over the course of several days during so-called shamal events (an Arabic reference to the north winds), often with sustained winds of 40-50 km hr −1 and gusts of up to 100 km hr −1 . While the strongest and most persistent shamal events occur during the winter (Thoppil and Hogan, 2010b) , shamal wind events also occur during the summer and these can have a strong effect on SSTs (Reynolds, 1993; Yu et al., 2016) . Using MODIS-derived SSTs Thoppil and Hogan (2010a) , showed that two moderate strength (8-10 m s −1 ) shamal events in summer 2005 caused a net heat loss of 200-300 W m −2 , resulting in a 1-2 • C drop of the SST in the northeastern Gulf. Given that regional corals are living so close to their upper thermal limits and that the severity of bleaching and mass mortality is linked to both the maxima and the length of elevated temperatures (Riegl et al., 2011) , such wind-driven cooling could play an important role in ameliorating the risk of bleaching events on coral reefs in the Gulf, but its influence has not yet been explored. Using a combination of reef-based temperature loggers deployed over 6 years at three reefs, local meteorological data, and modeling, we show the strong influence of winds on SSTs and reef-bottom temperatures in the southern Gulf, and discuss the role shamal wind events may play in modulating the extent and duration of exposure of corals to bleaching-inducing temperatures during summer. Given that climate change is pushing coral communities throughout the tropics toward their upper thermal limits with increasing regularity (Hughes et al., 2017) , the occurrence -or absence -of strong localized wind events are likely to play an increasingly important role in structuring bleaching dynamics across the globe in coming decades.
MATERIALS AND METHODS

Study Sites
This study was performed at three major coral habitats located in Abu Dhabi waters of the southern Gulf: Saadiyat, Ras Ghanada, and Dhabiya reefs (Figure 1 ). Sites were of similar depth (5-8 m) and distance from shore (3.6-4.8 km), occurring on a flat bottom mainly comprised of unconsolidated sand with limited topographic relief. In 2010 these sites contained between 54.8 and 65.6% coral cover, making them among the most abundant coral communities in the southern Gulf, with assemblages mainly dominated by Porites, Platygyra, and Cyphastrea Grizzle et al., 2016) . In situ temperatures on the reef bottom were recorded hourly from May 2012 through October 2017, and these data were used to validate modeled bottom temperatures (see below). Temperatures were recorded using Onset TidbiT v2 loggers (Model UTBI-001 1 ), each of which were mounted on a metal stake installed in the sea bottom with the logger placed ca. 2-5 cm above coral framework to avoid sedimentation and shading.
Water Column Model
The observed bottom temperature data were matched with numerical computations obtained with a simple ocean model (GOTM v. 5.3-1-gd7cce63, Burchard et al., 1999) . The model simulates the physical processes of turbulent heat transport through the water column as a function of a limited number of parameters describing the atmospheric conditions at the sea surface, tides, and water transparency. The model was configured to use 60 vertical levels and a time-step of 30 s, with the output saved hourly.
The surface atmospheric parameters (10 m horizontal wind speed and direction, 2 m air temperature and pressure, dew point temperature, and surface net shortwave energy flux) were taken from the European Centre for Medium-Range Weather Forecasts (ECMWF) high-resolution re-analysis data (ERA5, Hersbach and Dee, 2016) , which currently span the years 2008-2017. The native dataset was interpolated for study site locations following the prescriptions of Kara et al. (2007) to avoid biases due to the nearby land mass. Tidal currents were modeled as a superposition of the O1 and M2 tidal constituents with phases of 150 • and 330 • , and amplitudes of 0.2 m s −1 and 0.1 m s −1 , respectively (Elshorbagy et al., 2006; Cavalcante et al., 2011) . The water transparency was classified as type Jerlov 3 as given in Stips (2010) , which is in the middle of the range suggested by Al Azhar et al. (2016) for the Gulf region.
The simulations were run to span the entire period for which the ERA5 data are available, starting on January 1, 2008, with the results validated against the sea-bottom temperature logger data available from May 2012 through October 2017 (see above). The model was initialized with a constant temperature throughout the water column of 22 • C, and we have verified that after an initial brief transient period the long-term results were uninfluenced by the initial temperature. Salinity was maintained at a value of 44 PSU, reflecting the naturally high in situ salinity observed in the southern Gulf (Al Azhar et al., 2016; Howells et al., 2018) .
Data Analyses
For most of the analyses we used daily averaged data, defined as the arithmetic average of all data values collected or computed for a given day.
An important diagnostics of coral bleaching is the degree heating week (Liu et al., 2003) . The DHW relative to day n is defined as:
where w is the number of weeks spanned by the index (we use, as is typical, w = 12) and E i is the daily average excess temperature above the threshold T relative to the day i, that is:
Here, T i is the average temperature of the i-th day, and the threshold T is defined as "the climatological mean temperature of the climatologically hottest month" (Liu et al., 2003) . Based on remotely sensed SST data, it had been earlier established that at Saadiyat reef the threshold temperature is T = 34.55 • C (Shuail et al., 2016) . However, our simulations showed that summer temperatures are on average 0.2 • C cooler on the sea bottom than at the surface. Thus we lowered the threshold to T = 34.35 • C to account for this effect.
We also define the daily temperature change T n as:
where T n−1 and T n+1 are, respectively, the daily averaged bottom temperatures of the day before and after the n-th day in the data set.
RESULTS
The simulations generated comparable patterns for all three reef sites. To ease interpretation, the results initially focus on Saadiyat reef, and those of Dhabiya and Ras Ghanada will be summarized below.
Validation of Model
The average daily bottom temperatures generated from simulation versus observation were compared for Saadiyat reef from 2012 to 2017, showing that the numerical model closely matched observed temperatures (Figure 2) . During hot summer months, when coral bleaching conditions are most likely to occur, the difference between the two data sets never exceeded 0.5 • C. In winter the simulations had a modest cold bias, and in spring a slight warm bias; however, these are generally contained within <1 • C and are outside the main summer season of interest for this study. To further assess model accuracy, the simulated non-averaged (i.e., hourly) bottom temperatures were compared against observed temperatures. As an example, Figure 3 shows the portion of summer 2013 corresponding to a strong cooling event.
The observed data show a clear diurnal cycle, with an amplitude of about 0.5 • C. The main determinant affecting such diurnal cycles in the simulated data was the intensity of tidal cycles. Without tides, simulated temperatures suffered from a cold bias and diurnal excursions became unrealistically small, while the opposite occurred if tidal currents were too strong. Other tidal parameters such as phase or current direction had little influence on the simulated results. This suggests that tidally generated turbulence close to the seafloor is an important complement to wind-generated turbulence, and is an essential factor for the heat transport through the water column, even in such a shallow environment.
Influence of 'Shamal' Winds
To investigate the role that winds play in controlling the bottom temperature on reefs, observed reef temperatures were plotted against simulated bottom temperatures, the wind speed and direction from the ERA5 reanalysis, and the sea surface heat flux that was calculated by the model for the summers of 2012-2017 ( Figure 4) . As an initial observation, it is evident that sudden decreases in sea-bottom temperatures occur following strong wind events (shamal), mainly as a result of evaporative cooling through latent heat losses; details are described below.
In terms of the winds, the ERA5 data show that summer winds fall into two distinct regimes: breezes versus shamal events. During typical summer breeze days, the winds show large swings in direction, often rotating clockwise gradually from land-breeze to sea-breeze and back over the course of 24 h (see Provenance in Figure 4 ), a phenomenon attributed to a resonance with the Coriolis period which is close to 1 day at the Gulf latitude (Zhu and Atkinson, 2004) . Breezes also have low wind speed, generally below 4 m s −1 (Figure 4) , although higher speed breeze-like winds have occasionally occurred (e.g., last week of July 2016). In contrast, so-called 'shamal' wind events are characterized by strong directionality and speed. At the study sites, shamals may be recognized as a sequence of days (generally 3-5) during which the winds stop swinging and persistently flow from the NW, with a daily averaged speed that always peaks well in excess of 5 m s −1 in the windiest day of the sequence.
Shamal events strongly influence the heat flux at the sea surface, nearly all of which is due to latent heat loss as evaporative cooling (Figure 4 , bottom panels). Latent heat loss generally oscillates between 100 W m −2 and 200 W m −2 during typical summer breeze days when winds are weak (<4 m s −1 ), but can easily exceed 300 W m −2 during strong shamal events when heat losses functionally double as a result of evaporative cooling. Sensible heat fluxes are due to conduction of heat between water and air (warming or cooling), with a typical magnitude of 10 W m −2 . Heat losses from infrared radiation average to about 50 W m −2 . Both are of limited importance to the overall heat flux, and are relatively unaffected by winds (Figure 4) .
The wind-driven evaporative heat loss from the sea surface during shamal events has a strong influence on the bottom temperature on reefs (Figure 4 , top panels). While evaporation-driven latent heat fluxes result from complex, micro-scale turbulent processes at the surface, they can be effectively parameterized by bulk formulae which prescribe the fluxes as linearly dependent on the wind speed (e.g., Bentamy et al., 2003) . Thus, when latent heat fluxes dominate, the existence of a causal relationship between wind speed and change in water temperature is expected. This hypothesis is tested in Supplementary Figure S1 , which shows that daily averaged wind speed is clearly correlated with daily temperature change on the sea bottom in both observed and simulated conditions (r 2 = 0.44 for the simulations and r 2 = 0.30 for the observations). In particular, winds weaker than the average wind (which is about 4 m s −1 ) are associated with warmer bottom temperatures compared with the previous day, while faster wind speeds are associated with cooler sea-bottom water temperature, and the magnitude of the temperature decline increases with wind speed. The attribution of temperature changes to evaporative fluxes is further strengthened by taking relative humidity into account: when this variable is used together with wind speed in a bivariate regression vs. daily temperature changes, the coefficient of determination of the regression increases to r 2 = 0.56 (vs. simulations) and r 2 = 0.39 (vs. observations). We note that summer shamal winds in the Gulf are not appreciably drier than breeze winds (Al Senafi and Anis, 2015) , and therefore high wind speed alone is what enables shamal winds to produce large evaporative fluxes.
Sea-Bottom Temperatures and Coral Bleaching Risk
Degree heating weeks (DHWs) provide a measure of how long temperatures have persisted above coral bleaching thresholds, an indication of thermal stress for corals above simple maxima.
FIGURE 4 | Sea-bottom temperature, wind speed and direction and sea-surface heat fluxes in July and August 2012 to 2017 at Saadiyat reef. Top panels: simulated (blue) and observed (green) daily averaged bottom temperature (left scale) and daily averaged wind speed (right scale); the level corresponding to the 34.35 • C coral bleaching threshold has been highlighted for visual reference. Mid panels: hourly direction from which the wind blows. Bottom panels: daily averaged sensible (cyan), infrared (black), and latent (purple) heat fluxes at the sea surface. Figure 5A shows the accumulation of DHWs at Saadiyat reef from 2012 to 2017 using both observed and simulated data based on the sea-bottom bleaching threshold determined for this site by Shuail et al. (2016) . The results indicate that 2012 and 2017 were anomalously warm years, with approximately 4 • C-weeks spent at temperatures above coral bleaching thresholds, two to three times what was observed for the intervening years, coinciding with the reported occurrence of moderate (2012) and severe (2017) bleaching events in this area (Shuail et al., 2016; Riegl et al., 2018) . In keeping with the above observations, the unusually warm 2012 and 2017 summers were characterized by low wind speeds, while the cooler intervening years had summers with faster winds (Figure 5B) . Figure 6 shows both the total number of summer days, and the number of consecutive summer days, spent at various temperatures (in 0.25 • C intervals) on Saadiyat reef based on observed sea-bottom records (2012) (2013) (2014) (2015) (2016) (2017) , as well as simulated sea-bottom data modeled from the beginning of ERA5 dataset for earlier years (2008) (2009) (2010) (2011) . The results indicate that across the decade, 2011 and, particularly, 2017 stand out as unusually warm years where reef-level temperatures remained elevated for considerably longer than most other years, and that 2012 also had prolonged periods at more moderate temperatures. The sea-bottom temperature necessary to induce coral bleaching at Saadiyat reef had earlier been established as 34.35 • C (Shuail et al., 2016) . In terms of total days (Figure 6A ), corals at Saadiyat reef spent nearly 2 months (53 days) above this bleaching threshold in 2012, but temperatures never exceeded 35.25 • C, while in 2011 and 2017 corals spent less time above this temperature (40 and 42 days, respectively), but reached considerably higher maxima. In 2011, according to our model, corals spent 11 days above 35.25 and reached a maximum of 35.59 • C, while in 2017 Saadiyat reef was exposed to 35.25 • C for over 2 weeks and 35.5 • C for 9 days, with maximum daily mean temperatures reaching 35.85 • C. While the total number of days above threshold temperatures each summer is important, how many of these elevated-temperature days are consecutive is more biologically relevant, as this reflects the length of time between large temperature drops associated with shamal events (e.g., Figure 4) , providing respite to thermally stressed corals when temperatures drop below bleaching thresholds even briefly. While 2011, 2012, and 2017 remain among the most thermally stressful years, a more nuanced pattern emerges when consecutive days above temperature thresholds are plotted ( Figure 6B) . Although there were nearly 2 months of total days above the bleaching threshold in 2012 (above), corals spent a maximum of just 3 weeks (24 days) of consecutive days at these temperatures, reflecting the frequent occurrence of winds above 5 m s −1 in the summer of 2012 which caused sharp declines in temperature (see Figure 3) , providing corals brief periods in which to recover. In contrast, 2011 and 2017 had much more protracted periods at temperatures above coral bleaching thresholds, spending over five consecutive weeks above 34.5 • C with no respite (Figure 6B) . The summer of 2017 caused among the worst mass bleaching and coral mortality events in recorded history in the southern Gulf, when sea-bottom temperatures reached 35.85 • C and corals spent over a week (nine consecutive days) at temperatures above the lethal threshold for corals in the southern Gulf where significant mortality is expected to occur (35.5 • C, Riegl et al., 2011) . This was a summer that was unusually warm from the beginning compared with most other years and was unique in having an extended period of protracted calm wind conditions from mid-July through mid-August (see Figure 4) , allowing summer 2017 temperatures to not only exceed the maxima experienced in other years, but also to extend for a much greater length of time above both bleaching and lethal thresholds.
Simulated Wind Scenarios
Simulations were used to explore the influence of winds on sea-bottom temperatures under varying wind conditions, while keeping all other factors constant. To this end, the model was forced by indefinitely repeating all the meteorological and tidal parameters of a typical mid-summer day (namely, July 15th 2017), except for the wind speed, which was set to be a predetermined constant. In these conditions, after a transient, the model settles on a constant daily average temperature, shown in Figure 7A as a function of wind. In flat calm conditions (0 m s −1 ), sea bottom temperatures have the potential to reach 39 • C on a typical summer day. Consistently with the observations reported above, breezes of 2-4 m s −1 correspond to an equilibrium temperature of 34.4-36.4 • C, approximating the temperatures observed on reefs during low-wind years. A wind speed of 4 m s −1 corresponds to an equilibrium temperature that closely matches the bleaching threshold, and winds >4 m s −1 reduce temperatures to below coral bleaching thresholds, where winds >8 m s −1 result in a >2 • C drop below the bleaching threshold value, although the rate of decrease slows with increasing wind speed.
In a second set of simulations, after reaching the equilibrium temperature corresponding to a 4 m s −1 wind, the wind speed jumps to a new speed chosen in the range 2-8 m s −1 , where it is held constant for 5 days (a typical shamal length), then it is brought back to 4 m s −1 . Figure 7B shows the simulated bottom temperature as a function of time and of the 5 days at set wind speeds. The simulation showed that shamal-like wind conditions (>6 m s −1 ) reduced bottom temperatures by 1-1.5 • C within several days and temperatures did not return to their initial conditions until more than 2 weeks after the beginning of the event. In contrast, weak breeze-like winds (<3 m s −1 ) caused temperatures to rise above bleaching thresholds immediately and approach lethal thresholds (35.5 • C) after 5 days if winds were held at 2 m s −1 and temperatures remained above bleaching thresholds for ≥20 days even after the cessation of the weak winds after the 5-day simulated period.
Finally, we quantified the temperature response time by imposing a sudden jump of wind between any two wind speed values in the range 0-10 m s −1 , in steps of 1 m s −1 . The transient between the equilibrium temperatures before and after the jump is well represented by the solution of the differential equation:
Where T 0 , T e are the equilibrium temperatures before and after the jump, respectively, and the parameter τ is least-square fitted to the simulation data. The value τ/ log 2 e is the half-time to the new equilibrium in this exponential relaxation process, and Initial conditions set at 4 m s -1 (which relates to bleaching threshold temperatures) with winds returning to initial conditions after the 5-day period. (C) The half time number of days it will take temperatures to reach a new equilibrium based on a given starting and ending wind speed.
it is shown in Figure 7C . We observe that if the wind jumps from slower to faster the adjustment process is more rapid than for a wind jump from faster to slower. For example, the halftime to reach a new equilibrium is just 2.5 days if a 10 m s −1 shamal wind follows 2 m s −1 breeze wind conditions, but the half time is double (5 days) for conditions to reach equilibrium if winds are initially fast (10 m s −1 ) but slow to breeze conditions (2 m s −1 ). These results show not only the important cooling effects of summer shamal winds, but underscore their importance in controlling the persistence of elevated temperatures.
Consistency of Shamal-Induced Cooling at Ras Ghanada and Dhabiya
Data for Ras Ghanada and Dhabiya reefs are provided in Supplementary Figures S2-S7 which are analogous to Figures 2-5, 7 shown above for Saadiyat reef (note that observed data are only available for 2012-2015 for these sites, and the model is applied for other years). Similar to data provided above, the model effectively reproduces the bottom-temperature observations at both sites (Supplementary Figures S2, S3) . Dhabiya, being a slightly shallower site, had the largest daily temperature excursion, and the smallest difference between bottom and surface temperature (Supplementary Figure S3) . Supplementary Figures S4, S5 show that the overall patterns observed at these sites reflect the observations described above for Saadiyat: 2017 had the largest number of days above bleaching threshold temperatures and was the year in which the highest temperatures were observed; in 2012 there are also a large number of days above threshold, but extreme temperatures were avoided due to occasional bursts of wind; in 2013 a strong shamal event during the middle of the summer caused a temperature drop of ca. 2 • C. Although there are broad similarities between all sites, there are also important differences. Warming during the summer of 2012 began earlier in Ras Ghanada and Saadiyat, but at Dhabiya was delayed until the second half of July due to a localized wind event that occurred during the first week of July (Supplementary Figure S5) , which may explain the lower incidence of bleaching in western Abu Dhabi than eastern Abu Dhabi in 2012 (Shuail et al., 2016) . Other differences include that the cooling event of 2013 shows a clear double-dip at Ras Ghanada (Supplementary Figure S4) , and a broad, persistent minimum at Dhabiya (Supplementary Figure S5) , and that the recurrent bursts of wind that occurred in 2014 were so strong at Dhabiya that temperatures were almost entirely maintained under bleaching thresholds, but were weaker at Ras Ghanada, where bottom temperatures briefly achieved 35 • C.
In all cases, Saadiyat, which lies approximately halfway between Dhabiya and Ras Ghanada, shows wind strengths and temperature drops intermediate between the other two sites. These non-negligible differences in wind strength, and in water temperature, on spatial scales smaller than 100 km suggest that bleaching needs not be uniform and widespread, but that local variation should be expected as a result of localized wind dynamics.
DISCUSSION
Coral reefs provide invaluable goods and services to coastal nations around the tropics, but in recent decades have come under increasing pressure from bleaching events caused by increasing temperatures associated with global climate change (Hughes et al., 2017) . In the Arabian region, coral reefs are incredibly biologically valuable as they are the most biodiverse ecosystem in the arid nations that occupy this area, and they also represent an important economic resource for coastal populations by serving as foraging and nursery grounds for a wide variety of commercially important fish species (Van Lavieren et al., 2011; Burt, 2014; Vaughan et al., 2019) . Despite the well-recognized thermal tolerance of corals in the Persian/Arabian Gulf, each summer these corals live near their upper thermal limits and they can be pushed across temperature thresholds that can induce widespread coral bleaching that in extreme conditions can lead to mass mortality (Riegl et al., 2011; Burt et al., 2019) . The results of our observations and simulations show that summer shamal winds are the primary determinant of whether or not Gulf reefs cross these important threshold temperatures. Summers that are characterized by high shamal activity have sufficient latent heat loss through evaporation to maintain and/or reset reef temperatures below coral bleaching thresholds, while calm summers provide conditions in which heat can build beyond these critical thresholds, and in extreme cases induce mass mortality in these important ecosystem engineers.
Summer Winds and Coral Bleaching
Coral bleaching events are occurring with increasing frequency and severity both globally and in the Gulf as the world's seas warm, pushing corals beyond the thermal thresholds to which they have evolved. In the Gulf there has been an overall warming trend since the 1970s (Sheppard, 2003) , with SSTs in some areas warming at rates three times the global average (Al-Rashidi et al., 2009) , and extreme heating events are happening with longer-than-usual duration and increasing frequency as a result (Riegl, 2007; Riegl et al., 2018) . Bleaching events due to elevated temperatures in the southern Gulf were first reported in the late 1970s, followed by a period of relative calm for two decades before severe back-to-back bleaching events in 1996 and 1998 resulted in the loss of >80% of corals across the southern Gulf when SSTs reached 37.7 • C, and persisted for several months at 2-2.5 • C above normal summer maxima (George and John, 2000; Riegl, 2002; Sheppard and Loughland, 2002) . Over the next several years reefs began to recover through growth of survivors and colonization by planktonic larvae produced elsewhere in the Gulf (Sheppard and Loughland, 2002) . This recovery was punctuated 5 years later by a moderate bleaching event in 2002 when SSTs reached 37 • C and caused widespread bleaching across most corals, but did not induce mass mortality (Riegl, 2003) . A very mild bleaching event occurred another 5 years later in 2007, but corals quickly recovered and no mortality was recorded (Foster et al., 2012) , and by this point coral communities had recovered to pre-1996 levels in several locations (Burt et al., 2008) . After several more years of respite, corals went through several back-to-back bleaching years in quick succession starting in 2010. In 2010 a moderate bleaching event affected a fifth of corals and resulted in loss of 20% of coral cover when hourly maxima reached 36.4 • C and temperatures were >33 • C twice as long as in non-bleaching years (Riegl and Purkis, 2015) . A stronger bleaching event occurred in 2011, when over two-thirds of corals were bleached or partially bleached and a further 20% of coral cover was lost to mortality (Riegl and Purkis, 2015) . This was followed by another strong bleaching event in 2012 in which >40% of corals showed signs of bleaching, although only limited mortality occurred (<15% loss of coral cover) (Riegl and Purkis, 2015; Shuail et al., 2016) . These recurrent events were followed by a period of recovery in the summers of 2013 through 2016 when bleaching levels were negligible, but were followed by one of the most severe bleaching events on record in the summer of 2017, when virtually all coral across the entire southern Gulf fully bleached, and coral mortality exceeded 85% by the end of summer Burt et al., 2019) .
Our observations and simulations from Saadiyat reef (as well as the other study sites) provide strong evidence that inter-annual variability in the occurrence and magnitude of bleaching events in the southern Gulf in recent years is directly tied to the summer shamal wind regime. The severe 2017 bleaching event aligns with an unusually calm summer, when winds exceeding breeze conditions did not occur for more than 5 weeks in the middle of summer, allowing observed daily mean sea-bottom temperatures to reach 35.85 • C, a 0.72 • C increase over the mean daily maxima of all other years for which observations were available, and to persist above bleaching thresholds for five consecutive weeks and above lethal thresholds for more than a week. These extreme conditions in summer 2017 led to the direct loss of nearly two-thirds of corals within a month of the onset of bleaching, and an overall loss of 73% of coral cover by April 2018 . Similarly, our model explains the variability in severity of bleaching for the recurrent 2010-2012 bleaching events. Observed data showed that while 2012 had an unusually high number of days above the bleaching threshold (nearly 8 weeks in total), bottom temperatures only marginally crossed this bleaching threshold, never exceeding 35.3 • C, and recurrent bursts of moderately strong winds throughout the summer repeatedly dropped temperatures back below threshold levels such that no more than three consecutive weeks were spent in potential bleaching conditions. This aligns with the observation of the occurrence of widespread bleaching but minimal mortality in the southern Gulf in 2012 (Riegl and Purkis, 2015; Shuail et al., 2016) . Our simulations also explain why 2010 and 2011 were also bleaching years. In the past decade the summer of 2011 was second in severity only to the summer of 2017, with corals spending five consecutive weeks above bleaching thresholds (37 days), and while maximum temperatures were lower than in 2017, corals still spent nearly a week (5 days) above lethal thresholds, explaining the observations of widespread bleaching in two-thirds of corals and mortality of a fifth or corals this year (Riegl and Purkis, 2015) . Likewise, while corals did not spend an unusually long period above bleaching thresholds in 2010 (two consecutive weeks), temperatures did get remarkably warm during this brief period, with temperatures exceeding 35 • C for a week, with this short but sharp temperature spike explaining the paradoxical occurrence of only moderate bleaching but high (20%) loss of corals to mortality in summer 2010 (Riegl and Purkis, 2015) . Studies elsewhere have shown that under high irradiance and low flow conditions such as would occur during low wind summers, hemispherical corals like those that dominate reefs in the southern Gulf can experience temperatures 0.6 • C warmer than the surrounding water due to the presence of a thermal boundary later that limits heat transfer to the surrounding water, explaining the severe bleaching that can occur during low wind conditions (Jimenez et al., 2008 (Jimenez et al., , 2011 . Observed and modeled data also supported the role of winds in maintaining cooler bottom temperatures in non-bleaching years. Temperatures never exceeded lethal thresholds in the non-bleaching summers of 2008, 2009 or 2013-2016 , and on average spent only 11 cumulative days above bleaching thresholds (versus an average of 28 cumulative days during bleaching years) due to the more frequent occurrence of shamal-induced cooling events. Together these results provide strong evidence of the role that summer winds play in modulating the risk of coral bleaching in the southern Gulf.
While the focus of this study has been on the effects of shamal winds on sea-bottom temperatures, shamal winds can also affect water turbidity and this also has implications for coral bleaching risk. Coral bleaching is a response not only to elevated temperatures but also to high irradiance, and reductions in irradiance during high-temperature events can prevent corals from bleaching by limiting stress to the photosystems of the coral's algal symbionts (Iglesias-Prieto and Trench, 1994; Warner et al., 1999; Anthony et al., 2007) . Shamal events in the southern Gulf may not only reduce the thermal stress experienced by corals through evaporative cooling, but likely also concomitantly reduce irradiance through wave-driven sediment resuspension. There is over 800 km of fetch over which shamal winds travel before reaching the southern basin of the Gulf, leading to significant wave heights of 1-2.5 m during typical shamal events (and up to 4.5 m during severe storms), which re-suspend bottom sediments across the shallow (<10 m) coastal areas where reefs occur, causing high turbidity (>20 NTU) which can remain elevated for several days after a return to breeze conditions (Van Parys, 2006; Mocke and Smit, 2008; Smit et al., 2008) . Such shamal-induced turbidity would limit the penetration of solar irradiance, reducing light stress on corals during periods of high summer temperatures. Irrespective of temperature, exposure to high UV irradiance can induce bleaching (Gleason and Wellington, 1993) , and during high temperature events a reduced irradiance resulting from elevated turbidity has been shown to reduce bleaching on the Great Barrier Reef (Morgan et al., 2017) , the Florida reef tract (Van Woesik and McCaffrey, 2017) , Micronesia (Van Woesik et al., 2012) , and in experimental settings (Anthony et al., 2007; Smith and Birkeland, 2007) , and the Persian/Arabian Gulf has recently been identified as one of only 11 global regions that are considered potential refuges to future climate warming through the shading effects of turbidity (Cacciapaglia and Van Woesik, 2016) . From a purely physical point of view, at constant albedo, shallow turbid water absorbs more solar radiation than clear water. However, the sediment brought into suspension may change dramatically the reflectance properties of the water, generally increasing the albedo (Tanaka and Nakajima, 1977; McMahon and Moore, 2017) . We suspect that when wind-driven wave activity brings sand into suspension around shallow coral reefs, the resulting 'whitening' of the waters may have a non-negligible impact on the energetics of the water column. Further research on the role that shamal-induced turbidity plays in reducing susceptibility to coral bleaching during elevated summer temperatures is warranted.
Inter-Annual Variability and the Predictability of Bleaching
There is substantial inter-annual variability in the occurrence of shamal wind events in the Gulf and this has profound implications for the health of coral reef ecosystems. Summer shamals are caused by the steep pressure gradient that forms between a stationary high pressure zone over the eastern Mediterranean and the low pressure zone centered over northwestern India during the summer monsoon, leading to strong winds centered over the Gulf (Rao et al., 2003) , such that factors influencing the strength of the Indian Ocean monsoon will affect summer shamal conditions over the Gulf. Al Senafi and Anis (2015) examined inter-annual shamal variability in the northern Gulf over a 40-year period and showed that variation in summer shamals were affected by El Niño Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD) teleconnections (while the North Atlantic Oscillation is more involved in winter shamals). However, the interaction of these events in affecting the atmospheric circulation over southern Asia is complex both in inter-annual and intra-seasonal time scales (Bracco et al., 2005; Kucharski et al., 2008) , which does not lead to an easy predictability of shamal activity solely on the basis of these teleconnection patterns, consistent with the erratic occurrence of coral bleaching events in the southern Gulf (Purkis and Riegl, 2005) .
Despite the inability to accurately forecast the potential risk of bleaching from year-to-year based on global climate patterns, the results of this study do suggest the potential for use of high-resolution meteorological forecasts to develop predictive models of bleaching risk on shorter time scales. While the model developed for this study employs reanalysis data that is only available up to a few months in the past, sources such as the European Centre for Medium-Range Weather Forecast (ECMWF) or the National Centers for Environmental Prediction (NCEP) provide a variety of forecast products spanning time ranges from 10 days up to 7 months ahead. By combining this forecast data, an automated model could be developed that tracks, in real-time, the probability of sea-bottom temperatures reaching particular bleaching or mortality thresholds based only on the depth of water at a particular reef site and its geographic coordinates. While such a model could not be applied to reefs where water temperature is also determined by open-ocean dynamics (e.g., offshore islands, or where reefs are adjacent to deep waters), it is applicable for reefs occurring in the shallow, relatively flat environments that make up large portions of the sea-bottom in the Gulf, where air-sea interactions determine the water temperature. Efforts are underway to develop such a model. While nothing could be done to prevent the occurrence of bleaching events due to reduced shamal activities, the ability to predict bleaching risk would provide regional marine managers with the opportunity to proactively reduce other cumulative stressors affecting reefs (e.g., nutrient discharge, dredging or reclamation activities) to minimize potential losses during bleaching.
Do Winds Modulate Bleaching Globally?
It has been recognized since the early mass bleaching events of the 1980s that there was an association between elevated SSTs, low winds, and coral bleaching (Goreau and Hayes, 1994) , although much of the early attention focused on the association between low winds and clear skies, thus driving higher UV irradiance rather than the influence of wind on temperature (Glynn, 1996; Brown, 1997) . The recurrent global bleaching events over the past three decades have provided numerous examples of the association between coral bleaching and low wind conditions (e.g., Spencer et al., 2000; Skirving and Guinotte, 2001; Jokiel and Brown, 2004) , and the mechanistic effects of winds in driving temperature reduction are becoming more appreciated. In studying the hydrographic and meteorological conditions surrounding the 1990s bleaching event in the Caribbean, Smith (2001) showed that low wind conditions that reduced latent heat flux from evaporative cooling preceded coral bleaching. Later work by Manzello et al. (2007) showed that winds associated with hurricanes induced cooling that was responsible for differences in the extent and recovery time of coral bleaching across the Caribbean, and that the duration of cooling was tightly correlated to wind speed. A contrasting opinion was expressed by Berkelmans (2002) , who explored the role that a variety of factors played in the extent of coral bleaching over a decade at 13 locations on the Great Barrier Reef and who concluded that calm wind conditions were not correlated with the extent of bleaching. However, his analyses of winds relied on monthly averages, a process that the results of our analyses show would obfuscate the effects of any short term, high wind cooling events. A later paper by the same author came to the same conclusion, showing that shorter-term averaging (3-6 days) provides better capacity to predict bleaching than averaging over longer periods (Berkelmans et al., 2004) . Overall, the results of the above studies do complement the observations made here in suggesting that local wind regimes can play an important role in modulating the thermal environments on reefs, and therefore control the magnitude of coral bleaching.
While the results of this study show that winds can play an incredibly important role in structuring the thermal environment on reefs, the magnitude of this effect is highly dependent on local environmental conditions. The high latent heat flux that was observed in this study was a direct function of the extreme air temperatures occurring in the southern Gulf in the summer (on land >45 • C daily maxima are common), because the amount of water that can be evaporated before reaching saturation -and thus the amount of heat that can be removed by the water -increases nearly exponentially with air temperature. Such extreme thermal environments tend to occur in the sub-tropical latitudes of ca. 25-30 • where Hadley cell high-pressure zones result in areas with scarce cloud cover and high solar irradiance during summer, resulting in air temperatures that can exceed 40 • C, except where local mountainous topography supersedes the effects of latitude on regional climate. Coral provinces that experience extreme summer air temperatures comparable to the southern Gulf sites studied here include the remainder of the Persian Gulf, the Gulf of Oman, the Red Sea and northwestern Australia (particularly during La Nina events). Such locations have prime environmental conditions for wind-driven cooling during summer, and it is likely that summer wind regimes in these areas are tightly linked with the degree of coral bleaching. Although there have been no direct investigations of these effects that we are aware of, it is known that a severe coral bleaching event affected reefs in the central Red Sea in 2010, for example, and that the onset of bleaching coincided with a period of very weak winds that persisted from mid-July until early September (Pineda et al., 2013) , suggesting that similar wind-driven cooling plays an important role in modulating bleaching in that thermally extreme environment as well. The extent to which winds drive evaporative cooling events in other regions will be dependent both on local air temperatures, where warmer air will result in more rapid cooling, as well as on local hydrographic conditions, where winds will play more important roles in shallow areas with limited subtidal topographic complexity to affect coastal currents and mixing. In reef environments adjacent to deep waters, wind will also affect water temperature, but additional processes will need to be taken into account: deepening of the thermocline, and coastal upwelling or downwelling. The first always has a cooling effect, as it is produced by the turbulent entrainment of colder, sub-thermocline water; upwelling also leads to cooling, while the thermal signature of downwelling is determined by mesoscale SST patterns.
Shamal Winds and the Future of Gulf Reefs
Bleaching events in the Gulf have occurred with increasing frequency in recent decades in association with increasing SSTs , and this has led to dramatic reductions in live coral cover and shifts in species composition on many reefs across the region Bento et al., 2016) . Climate models predict that regional temperatures are likely to continue to increase in the coming decades (Sheppard, 2003; Lelieveld et al., 2016) , suggesting that summer shamal winds are likely to become increasingly important to maintaining the integrity of these already impaired ecosystems. Observations of shamal conditions over the past 40 years has shown that mean number of summer shamal events have dropped by a third since 1996 compared with the previous two decades (mean of 26 summer shamals per year from 1973 to 1995 versus 18 per year from 1996 to 2012; Al Senafi and Anis, 2015) , explaining the surge in recurrent bleaching events that have occurred in the Gulf since the mid1990s. Whether this is due to temporal variability or is part of a long-term trend toward weakening shamals is unclear. There is a great deal of uncertainty around the influence of climate change on the future of the monsoon, but some models project a trend toward increasing strength in the coming decades (Hassan et al., 2015; Niu et al., 2015) , and the strengthening of the low pressure zone over India would potentially result in enhanced shamal activity over the Gulf, providing capacity for protective cooling of water columns above reefs. However, while the monsoon may strengthen on average, it is also expected to become increasingly variable from year-to-year (Turner and Annamalai, 2012; Sharmila et al., 2015) , which would result in the continued recurrence of the low-wind summers that allow temperatures to build past coral bleaching and mortality thresholds. Given that corals in the southern Gulf require more than a decade to recover from mass mortality events (Burt et al., 2008; Riegl and Purkis, 2009) , the occurrence of even occasional low wind summers would result in the continued impairment of these reefs. Further research on the regional scale implications of climate change for the shamal wind regime is warranted.
FIGURE S4 | Sea-bottom temperature, wind speed and direction and sea-surface heat fluxes in July and August 2012 to 2017 at Ras Ghanada. Top panels: simulated (blue) and observed (green) daily averaged bottom temperature (left scale) and daily averaged wind speed (right scale); the level corresponding to the 34.35 • C coral bleaching threshold has been highlighted for visual reference. Mid panels: hourly direction from which the wind blows. Bottom panels: daily averaged sensible (cyan), infrared (black), and latent (purple) heat fluxes at the sea surface.
FIGURE S5 | Sea-bottom temperature, wind speed and direction and sea-surface heat fluxes in July and August 2012 to 2017 at Dhabiya. Top panels: simulated (blue) and observed (green) daily averaged bottom temperature (left scale) and daily averaged wind speed (right scale); the level corresponding to an estimated 34.5 • C coral bleaching threshold has been highlighted for visual reference. Mid panels: hourly direction from which the wind blows. Bottom panels: daily averaged sensible (cyan), infrared (black), and latent (purple) heat fluxes at the sea surface.
FIGURE S6 | Number of days that corals were exposed to a range of sea-bottom temperatures during summer (July 1 to August 31) for the decade from 2008 to 2017 at Ras Ghanada reef. (A) Total days over the entire summer, (B) maximum number of cumulative days at or above a given temperature. Both are based on 0.25 • C temperature intervals. The 2012-2015 data are based on observed bottom temperatures on the reef, while the other years are simulated based on the ERA 5 dataset.
FIGURE S7 | Number of days that corals were exposed to a range of sea-bottom temperatures during summer (July 1 to August 31) for the decade from 2008 to 2017 at Dhabiya reef. (A) Total days over the entire summer, (B) maximum number of cumulative days at or above a given temperature. Both are based on 0.25 • C temperature intervals. The 2012-2015 data are based on observed bottom temperatures on the reef, while the other years are simulated based on the ERA 5 dataset.
